The key obstacle to achieving the full potential of the millimeter wave (mmWave) band has been the poor propagation characteristics of wireless signals in this band. One approach to overcome this issue is to use antennas that can support higher gains while providing beam adaptability and diversity, i.e., reconfigurable antennas. In this article, we present a new architecture for mmWave multiple-input multipleoutput (MIMO) communications that uses a new class of reconfigurable antennas. More specifically, the proposed lens-based antennas can support multiple radiation patterns while using a single radio frequency chain. Moreover, by using a beam selection network, each antenna beam can be steered in the desired direction. Further, using the proposed reconfigurable antenna in a MIMO architecture, we propose a new signal processing algorithm that uses the additional degrees of freedom provided by the antennas to overcome propagation issues at mmWave frequencies. Our simulation results show that the proposed reconfigurable antenna MIMO architecture significantly enhances the performance of mmWave communication systems.
can dynamically change their radiation characteristics. Our current reconfigurable antenna design and prior work in the field have shown that reconfigurable antennas can provide radiation pattern diversity, which we show can be used to overcome propagation issues at mmWave frequencies.
To reliably meet the needs of a massive user base and potentially improve access for the underserved to wireless-enabled goods and services, this article aims to develop a communication theory, and antenna design framework for reconfigurable antenna systems to overcome these challenges. Instead of using a large array of static antennas, our proposed approach uses a small number of newly proposed reconfigurable antennas. These antennas can support simultaneous transmission of multiple radiation patterns with one RF chain. These additional radiation patterns provide a communication system with more degrees of freedom. Hence, aside from being more cost effective, the proposed methodology allows for more effective beamforming and beamsteering algorithms that can better overcome propagation issues in the mmWave band. Further, the large gain provided by the proposed reconfigurable antenna design reduces the mmWave power amplifier design constraints. Using the proposed antenna in a MIMO architecture, we also propose a new signal processing algorithm that uses the additional degrees of freedom provided by the antennas to overcome propagation issues at mmWave frequencies. Our simulation results show that the proposed reconfigurable antenna MIMO architecture significantly enhances the performance of MIMO mmWave communication systems.
II. MOTIVATION
Here, we outline the potential value of using a small number of reconfigurable antennas with various known radiation states to overcome the propagation obstacles at mmWave frequencies.
MmWave communications mainly takes place through line-of-sight (LoS) links to overcome the large signal attenuation in this band [2] , [3] and to take advantage of the greater antenna directivity at these higher frequencies. Researchers have also demonstrated that MIMO systems combined with beamforming approaches are likely to further circumvent the path loss issues at mmWave frequencies [5] . However, even with the application of the above solutions, the resulting LoS MIMO channels are known to be low-rank and/or sparse. This is because LoS MIMO systems can only achieve full-rank channels when the transmitter and receiver distance and the antenna spacings are set to specific optimal values [6] . As shown in Fig. 1 , deviations from this optimal spacing (denoted by η) can result in significant performance degradation. 4 One frequently explored solution is to use a large array of antennas in the mmWave band to obtain gains similar to those of small none line-of-sight (NLoS) MIMO systems that take advantage of rich scattering.
However, this approach can add complexity, costs, and potentially large loss. As a more applicable and fundamentally different approach, we propose to use reconfigurable antennas and their various predefined states to modify the radiation pattern of each element of the MIMO array and to eliminate the dependency on the optimal antenna and transceiver spacing. Note that the relationship between each antenna state and the resulting radiation pattern is known and determined at the design stage [7] . Moreover, the various known states of reconfigurable antennas allow for new beamforming and beamsteering approaches for MIMO systems, which design engineers can in turn use to more effectively tackle significant shadowing, path loss, and channel sparsity at the mmWave band.
Recall that the main characteristics of mmWave communications are short wavelength, large bandwidth, and high attenuation. These characteristics lead to a sparse-scattering environment, where the majority of the directions of arrivals are below the noise floor. This results in potentially sparse and/or ill-conditioned mmWave MIMO channels.
Channel sparsity is known to limit the performance of LoS mmWave MIMO systems (see Fig. 1 ).
Sayed et al. have perhaps completed the most consequential work to date attempting to address this issue [8] . This work shows that it is feasible to circumvent channel sparsity in MIMO systems by varying the spacing amongst the antennas in an array, resulting in significant performance gains. Nevertheless, this work only focuses on modifying the antenna spacings in an array, which results in limited degrees of freedom. In contrast, by using the proposed microelectromechanical systems (MEMs), PIN diodes, and passive/active elements, each reconfigurable antenna has a larger number of known states that when combined in a MIMO configuration can result in a significantly larger degrees of freedom. In fact, aside from our work in (U.S. Patent 15,284,123), there are very few results to date that utilize the degrees of freedom provided by reconfigurable antennas to address channel sparsity in MIMO mmWave systems. [9] , show that we can design reconfigurable antennas that not only support multiple radiation patterns but each radiation pattern from an antenna can be independently steered. However, to date, there is a lack of a signal processing and an antenna theory framework for using of these antennas at mmWave frequencies. In this article, we intend to address this shortcoming by proposing a new reconfigurable antenna design and a new signal processing algorithm that uses the characteristics of these antennas in mmWave MIMO systems.
III. PROPOSED RECONFIGURABLE ANTENNA DESIGN FOR MILLIMETER WAVE COMMUNICATIONS
Mitigation of sparse and low-rank mmWave channels requires the development of reconfigurable antennas that can support the simultaneous transmission of multiple radiation patterns. Therefore, in this section we propose a reconfigurable antenna design with these specific characteristics.
To accomplish this, we have used a lens-based multi-beam antenna similar to the one shown in Fig. 3 .
This structure is composed of a spherical dielectric lens fed with multiple tapered slot antennas (TSAs).
The combination of each TSA and the spherical lens produces a highly directive radiation pattern in the far field. Each TSA feed generates a beam in a given direction in the far field. Therefore, this system is a multi-beam antenna capable of generating N f independent beams where N f is the number of TSA feeds. While this antenna uses many different feeds, only the feed antennas that generate the beams in the desired directions need to be excited. As a result, this antenna system only uses one transceiver chain to generate the desired number of radiated beams. This scenario is shown in Fig. 3 where the output of the transceiver chain is connected to a "Beam Selection Network". This sub-system has N f outputs that The lens and its feeds are optimized together, using full-wave EM simulations in FEKO, to maximize the far field gain of the antenna. Fig. 4 shows the far-field radiation patterns that the feeds generate for this antenna. Observe that each feed generates a beam with a gain of ∼ 30 dBi and side-lobe-levels below 12 dB. Moreover, the design had enabled us to obtain an extremely wide scanning range spanning an angular range of 120 degrees. This range can be easily extended to cover an angular range of 180 degrees. Because of the rotational symmetry of the lens and its feeds, the radiation pattern of the antenna does not deteriorate with scanning angle as is common in planar antenna apertures. As described earlier, this antenna can generate a pattern with multiple independently controlled main lobes using a single RF transceiver chain with the aid of the "Beam Selector" device shown in Fig. 3 . • Independently steerable beams: Using a single RF chain and an appropriate "Beam Selection" network, a system using this reconfigurable antenna can form two or more independently steerable beams. This increases the degrees of freedom within the system and introduces additional diversity that can be used to overcome shadowing at mmWave frequencies via beam diversity. This approach also allows us to support an N f × N f diversity based MIMO setup by using a single reconfigurable antenna and by steering its radiation pattern in different directions instead of having multiple separate antennas and RF chains at both the transmitter and receiver. Although spatial multiplexing cannot be supported via one RF chain, bandwidth efficiency is not as important as link reliability at mmWave frequencies due to the availability of large unused bandwidth. In the next section, we will also show that G, the reconfigurable antenna gain matrix, plays a crucial role in overcoming low-rank MIMO channels at mmWave frequencies.
• Full hemispherical coverage: Antenna beams can cover the entire hemispherical volume and provide 2π steradian of coverage. Specifically, beam steering in both the azimuth and the elevation planes is possible using this approach. This allows for effective beam steering around objects that can severely block or shadow the signals aimed from the transmitter to the receiver at mmWave frequencies.
IV. CAPACITY OF RECONFIGURABLE MIMO SYSTEMS
Here, we evaluate the capacity of the proposed architecture in two cases. The first case is a traditional − sub-6 GHz − MIMO system with M and N static omnidirectional antennas at the transmitter and receiver sides, respectively. The second scenario is a mmWave MIMO system that is equipped with M reconfigurable antennas at the transmitter and N static omnidirectional antennas at the receiver. Further, each transmit reconfigurable antenna radiates N f = N independent beams. Recall that in mmWave systems, the communication channel is mainly established through LoS links. As a result, here, we use the Rician fading channel model. A Rician channel is comprised of a LoS, H LoS , and a none LoS (NLOS),
H NLoS where K repserents the Rician factor. The former corresponds to the deterministic component of the channel while the latter is used to present the scattering, which is random and is characterized by the Rayleigh fading channel model. Since in mobile scenarios optimal antenna and transceiver spacing for a LoS MIMO system cannot be achieved and as such, H LoS will be a low rank matrix. In such a practical case, by increasing the Rician factor, K, the capacity of the MIMO channel decreases [10] . However, by using reconfigurable antennas and the degrees of freedom they provide, we can design the antenna states in such a way that the reconfigured channel matrix H g is always full rank irrespective of the antenna spacing. This matrix can be expressed as
where H of size N ×M is the described Rician channel matrix and G of size N ×M is the reconfigurable antenna state matrix. Also, • stands for the Hadamard product which indicates there is a one-to-one mapping from an antenna state to the associated channel coefficient as shown in Fig. 2 . Thus, the entries of the reconfigured channel matrix are denoted by h g,i,j = h i,j g i,j for i = 1, 2, . . . , N and j = 1, 2, . . . , M ; moreover, h i,j and g i,j are the entries of the channel matrix and the reconfigurable antenna state matrix, respectively. The reconfigured matrix H g represents our new signal processing approach to overcome propagation issues at mmWave frequencies.
Regarding the matrix H g , the capacity of a reconfigurable antenna MIMO system in bits/sec/Hz is defined as
where I N is an N × N identity matrix. Also, ρ is the transmitted SNR and the superscript H denotes the Hermitian transpose. The capacity expression for the traditional MIMO is obtained by replacing H g with H in (2) [11] . Using the proposed reconfigurable antennas, we numerically investigate the capacity of a 2 × 2 mmWave MIMO system when the system is equipped with two antennas at the transmitter and receiver. In this setup power is equally allocated at the transmitter side. Also, we design the reconfigurable antennas state matrix, G, as
where j = √ −1. The above equation completes our signal processing approach to tackle the rank deficient issue at LoS channels. While the 2 × 2 MIMO channel is low rank, the entry g 2,2 = e jπ of G enhances the value of h g,2,2 in (1) in a way to ensure that the matrix H g becomes full rank and the expression in (2) achieves higher capacity. Note that the other channel coefficients remain unchanged. Also, when the channel H is intrinsically full rank, the matrix G does not effect the rank. Therefore, utilizing the reconfigurable antenna and an appropriate signal processing approach can enhance the performance of the capacity.
In Fig. 6 , as expected, the capacity of the traditional MIMO system decreases as the Rician factor increases. When channel exhibits a NLoS characteristic, i.e., low K factor, there is enough scattering to ensure the MIMO channel is full rank, in turn ensuring a higher capacity. However, as the channel becomes more LoS and more closely exhibits the mmWave channel environment, the resulting scattering decreases and the MIMO channel becomes rank deficient, which in turn results in a lower capacity for traditional mmWave MIMO systems. Fig. 6 also depicts the performance of a MIMO system that is equipped with reconfigurable antennas. By applying the degrees of freedom provided by the reconfigurable antennas, the proposed signal processing approach in (1) and (3) i.e., a high Rician factor, the proposed system can deliver significantly better performance than traditional MIMO systems. In the latter case, we also provide preliminary solutions for these open problems from both a signal processing and antenna theory perspective. From a signal processing perspective, we demonstrated that the additional antenna gain and degrees of freedom provided by the reconfigurable antennas can be used to overcome significant path loss and shadowing at mmWave frequencies. Moreover, by using the advantages of reconfigurable antennas, we can convert a low-rank mmWave LoS MIMO system channel into a full rank channel that can support multiple data streams, which in turn significantly enhances bandwidth efficiency and throughput gains. In addition, a new reconfigurable antenna design was proposed. The combination of tapered slot antennas and the spherical lens leads to designing an antennas with steerable and highly directive radiation patterns. Finally, we evaluated the effect of reconfigurable antennas with steerable radiation lobes on the performance of mmWave systems. By using this unique property of the
